Background Although radiographic coxa profunda has been considered an indicator of acetabular overcoverage, recent studies suggest that radiographic coxa profunda is a nonspecific finding seen even in hip dysplasia. The morphologic features of coxa profunda in hip dysplasia and the frequency with which the two overlap are not well defined.
(2) the morphologic differences of the acetabulum and pelvis between patients with hip dysplasia and control subjects; and (3) the morphologic differences between hip dysplasia with and without coxa profunda. Methods We retrospectively reviewed the pelvic radiographs and CT scans of 70 patients (70 hips) with hip dysplasia. Forty normal hips were used as controls. Normal hips were defined as those with a lateral center-edge angle between 25°and 40°. Coxa profunda was defined as present when the acetabular fossa was observed to touch or was medial to the ilioischial line on an AP pelvic radiograph. CT measurements included acetabular version, acetabular coverage, acetabular depth, and rotational alignment of the innominate bone. Results The prevalence of coxa profunda was 44% (31 of 70 hips) in dysplastic hips and 73% (29 of 40 hips) in the control hips (odds ratio, 3.32; 95% CI, 1.43-7.68). Dysplastic hips had a more anteverted and globally shallow acetabulum with inwardly rotated innominate bone compared with the control hips (p \ 0.001). Dysplastic hips with coxa profunda had a more anteverted acetabulum (p \ 0.001) and inwardly rotated innominate bone (p \ 0.002) compared with those without coxa profunda, whereas the acetabular coverage and depth did not differ between the two groups, with the numbers available. Conclusions Radiographic coxa profunda was not a sign of increased acetabular coverage and depth in patients with hip dysplasia, but rather indicates classic acetabular dysplasia, defined by an anteverted acetabulum with anterolateral acetabular deficiency and an inwardly rotated pelvis. Thus, the presence of coxa profunda does not indicate a disease in addition to hip dysplasia, and the conventional maneuvers during periacetabular osteotomy are adequate for these patients. Level of Evidence Level IV, diagnostic study.
Introduction
Femoroacetabular impingement (FAI) has been recognized as a mechanical etiology that leads to early osteoarthritis [5, 16] . Radiographic coxa profunda, defined as present when the acetabular fossa is observed to touch or is medial to the ilioischial line on a standard AP pelvic radiograph ( Fig. 1) , has been considered a radiographic indicator of global acetabular overcoverage or pincer FAI [5, 8, 16, 28, 30] . However, Boone et al. [6] suggested that coxa profunda is not a specific finding for acetabular overcoverage: they reported that radiographic coxa profunda was poorly specific for global overcoverage with a specificity of 62%. Moreover, several authors have reported that coxa profunda can be seen in asymptomatic normal hips [4] and various hip disorders, including hip dysplasia, regardless of the acetabular coverage [3, 27] .
Hip dysplasia is a common cause of hip osteoarthritis [18] and is characterized by insufficient acetabular coverage of the femoral head, shallow acetabular concavity, and joint instability that causes elevated joint contact pressure and searing stress on the acetabular rim complex [17, 19] , resulting in early hip degeneration [22, 33] . To our knowledge, no prior studies have looked at coxa profunda in patients with hip dysplasia, and the morphologic features and clinical importance of this deformity have not been characterized. Certain FAI-related deformities such as acetabular retroversion and decreased femoral head-neck offset have been reported to coexist in hip dysplasia and to have an effect on planning and surgical decision-making in hip preservation surgeries for patients [1, 14, 15, 26] . It is unclear whether the presence of coxa profunda indicates an additional pathomechanism or has an effect on the treatment strategy for patients with hip dysplasia. Because plain radiographs play a major role in diagnosing the pathologic features of early hip disorders, a comprehensive morphologic analysis regarding coxa profunda may help surgeons understand the disorder and determine the appropriate treatment for patients.
We determined (1) the prevalence of radiographic coxa profunda in hip dysplasia; (2) the morphologic differences of the acetabulum and pelvis between patients with hip dysplasia and control subjects; and (3) the morphologic differences between hip dysplasia with and without coxa profunda.
Patients and Methods
This is a retrospective case-control study comparing the morphologic indices measured on pelvic CT scans for patients with dysplastic hips and control subjects, and for patients with dysplastic hips with and without coxa profunda. The institutional review board approved this study.
We reviewed the standard AP pelvic radiographs [8] and pelvic CT scans of 72 consecutive patients (78 hips) with symptomatic hip dysplasia obtained during their preoperative examinations for a pelvic osteotomy between June 2008 and February 2014. Inclusion criterion for this study was patients with hip dysplasia, defined as a lateral centeredge angle of Wiberg [33] less than 20°on AP pelvic radiographs, and all patients met the criterion. In six patients who underwent bilateral osteotomy, the first surgically treated side was included. Exclusion criteria included prior hip surgery, advanced osteoarthritis of Grade 2 or greater according to the Tönnis classification system [32] , other hip disease, or severe morphologic abnormalities of the femoral head. Two hips in two patients were scored as Tönnis Grade 2 and were excluded from this study.
According to these criteria, 70 patients (70 hips) were eligible for this study. There were 67 women and three men with a mean age of 46 years (SD 9.8) ( Table 1) . All hips were classified as Type I according to the classification system of Crowe et al. [10] . Fifty-eight patients had bilateral dysplasia and 12 had unilateral dysplasia. Although the contralateral hips of 51 patients with bilateral dysplasia were eligible for this study, these hips were not included in this study to fulfill the statistical assumption of independent observation. Only the presence of radiographic coxa profunda in these 51 contralateral hips was evaluated to determine the bilaterality of coxa profunda.
For the control subjects, we reviewed AP pelvic radiographs and CT scans of 129 patients (129 hips) with contralateral proximal femoral fractures obtained during preoperative examinations for internal fixation or hip arthroplasty between April 2012 and February 2014. Inclusion criteria for this study were patient younger than 80 years with normal hips, defined as those with a lateral center-edge angle between 25°and 40°. Sixty patients (60 hips) met these criteria. Exclusion criteria included treatment history of hip disease, articular symptom in the hip, and degenerative changes or other hip abnormalities observed on radiographic examination. Twenty patients (20 hips) had degenerative change in the hip and were excluded from this study. According to these criteria, 40 patients with 40 normal hips were used as control subjects. There were 38 women and two men with a mean age of 68 years (SD 8.4) ( Table 1 ). These patients had older average age and lower average BMI compared with the patients with hip dysplasia (Table 1 ). However, we confirmed that these patients had hips with no osteoarthritis or other abnormalities and deemed them suitable as control subjects for morphologic evaluation.
Radiographic Evaluations
Coxa profunda was defined as present when the acetabular fossa was observed to touch or was medial to the ilioischial line on a standard AP pelvic radiograph ( Fig. 1) [8, 28] . Radiographic indices of the acetabular dysplasia, including the lateral center-edge angle, the Sharp angle [29] , the acetabular roof obliquity [24] , the head extrusion index [20] , and the acetabular depth ratio [9] , were measured.
CT Evaluations
Pelvic CT was performed with the patients in a supine position, and images were obtained from the superior rim to the distal femur at 1.0-mm intervals. We performed the following measurements on the multiplanar reconstruction images using image-processing software (3-D template; Kyocera Medical Corporation, Osaka, Japan). All measurements were performed after setting the pelvic position as follows [23] : The pelvic position was aligned to the line connecting the inferior aspects of the bilateral teardrops in the coronal plane, to the line connecting the pubic symphysis and the center of the sacrum in the axial plane, and to the line connecting the anterosuperior iliac spine and the pubic tubercle in the sagittal plane.
We determined the acetabular anteversion angle in the axial plane passing through the femoral head center and the acetabular inclination angle in the coronal plane passing through the femoral head center (Fig. 2 ). We measured the cranial anteversion angle on the axial section 5 mm distal to the acetabular roof and defined the acetabular retroversion as hips with a negative cranial anteversion angle value [21] . We measured the acetabular sector angle as an indicator of the acetabular coverage of the femoral head based on the method described by Anda et al. [2] Fig. 3) . We determined the acetabular sector angles in anterior, superior, and posterior directions [13] . The axial acetabular sector angle was defined as the sum of the anterior and posterior acetabular sector angles. To evaluate the acetabular depth, we modified the radiographic acetabular depth ratio for the CT measurement and determined the acetabular depth ratios in the axial and coronal planes ( Fig. 4 ). We measured the horizontal distance between the most medial aspect of the acetabular floor and the most lateral point of the medial wall of the ischium (acetabular floor to ischial wall distance) as an index of the relative position of the floor of the acetabular fossa and the ilioischial line (Fig. 5 ).
To evaluate the morphologic features of the pelvis, we measured the innominate rotation angles at three levels on the axial plane [13] (Fig. 6 ): the superior iliac angle, the inferior iliac angle, and the ischiopubic angle. The greater value of these angles indicated increased inward rotation of the pelvis.
Statistical Analysis
All the measurements were performed by the first author (MF) and were repeated in a blinded manner during two sessions at least 2 weeks apart. Intraobserver reliabilities of CT measurements, evaluated with use of intraclass correlation coefficient, were excellent (range, 0.94-0.99). Two independent observers (MF and TN) assessed all hips for the presence of the coxa profunda in a blinded manner during two sessions at least 2 weeks apart, and intra-and interobserver reliabilities were evaluated. The kappa values for intraobserver reliability were 0.82 for the first observer and 0.87 for the second observer and those for interobserver reliability were 0.87 and 0.82 for the first and second sessions, suggesting almost perfect agreement.
Student's t-tests, Welch's t-tests, or Wilcoxon rank sum tests were used to compare the continuous parameters between the two groups, depending on data distribution (Shapiro-Wilk W test and F-test). A chi-square test or Fisher's exact test was used to compare the categorical parameters as appropriate. Correlations between two continuous parameters were evaluated using Pearson's correlation coefficients. The significance level was set at a probability less than 0.05 for all tests. Statistical analyses were performed using JMP 1 Version 9.0 (SAS Institute Inc, Cary, NC, USA).
Results
Coxa profunda was observed in 44% (31 of 70 hips) of patients with dysplasia; the acetabular fossa touched the ilioischial line in 33% (23 of 70 hips) and was medial to the ilioischial line in 11% (eight of 70 hips) ( Table 1) . Coxa profunda was observed in 45% (30 of 67 hips) of women and in one of three hips of men. Of the 51 patients with bilateral hip dysplasia, 63% (33 of 51 hips) had coxa profunda in at least one hip, and 35% (19 of 51 hips) had bilateral coxa profunda. The prevalence of coxa profunda was 73% (29 of 40 hips) in the control subjects and was increased compared with patients with hip dysplasia (p = 0.004). Coxa profunda was observed in 76% (29 of 38 hips) of women and in none of two hips of men in the control group. Neither patients' age nor BMI correlated with the presence of coxa profunda in either group.
Hips in patients with dysplasia were more anteverted and had more lateral opening (acetabular inclination) than did hips in the control subjects, whereas the groups did not differ in terms of cranial anteversion ( Table 2 ). The prevalence of acetabular retroversion did not differ (p = 0.566) between the patients with hip dysplasia (16%; 11 of 70 hips) and control subjects (10%; four of 40 hips). All the mean acetabular sector angles and acetabular depth ratios were lower in patients with hip dysplasia compared with the control subjects. Although the innominate rotation angles varied widely, the mean values were increased in patients with hip dysplasia over those of the control subjects at all three levels ( Table 2) .
Dysplastic hips with and without coxa profunda did not differ in terms of the demographic parameters ( Table 3 ). The radiographic indices of the acetabular dysplasia did not differ between the two (Table 3 ), suggesting no correlation between the severity of the acetabular dysplasia and the presence of coxa profunda. The dysplastic hips with coxa profunda were more anteverted compared with those without coxa profunda ( Table 4 ). The prevalence of acetabular retroversion was lower (p \ 0.001) in hips with coxa profunda (none of 31 hips) than in those without coxa profunda (28%; 11 of 39 hips). Regarding acetabular coverage, the hips with coxa profunda had a smaller anterior acetabular sector angle and a larger posterior acetabular sector angle compared with those without coxa profunda (Table 4 ). There was no difference in the superior and axial acetabular sector angles. The coronal and axial acetabular depth ratio did not differ between the two groups, with the numbers available (Table 4 ). Regarding morphologic features of the pelvis, hips with coxa profunda had greater innominate rotation angles compared with those without coxa profunda at all three levels (Table 4 ), suggesting a more inwardly rotated pelvis in coxa profunda hips. The dysplastic hips with coxa profunda had lower acetabular floor to ischial wall distance compared with those without coxa profunda (Table 4 ). Acetabular floor to ischial wall distance was correlated with acetabular anteversion, cranial anteversion, and the innominate rotation angles (especially with the inferior iliac angle and ischiopubic angle) in patients with hip dysplasia and the control subjects (Table 5 ). This indicates increased acetabular anteversion and inward rotation of the innominate bone, shifting the floor of the acetabular fossa medially relative to the ilioischial line. The acetabular sector angles and Values are presented as mean (SD; range). acetabular depth ratios had no important correlation with acetabular floor to ischial wall distance in patients with hip dysplasia and the control subjects (Table 5 ).
Discussion
Although radiographic coxa profunda has been considered an indicator of acetabular overcoverage or pincer FAI, previous studies suggested that coxa profunda is a nonspecific finding seen in asymptomatic hips and hips with various hip diseases, including hip dysplasia [3, 6, 27] . To date, the morphologic features and clinical importance of coxa profunda in hip dysplasia are not well characterized. In this study, we observed coxa profunda in 44% of dysplastic hips. Dysplastic hips had a more anteverted acetabulum with inwardly rotated pelvis compared with hips in the control subjects. The increased anteversion of the acetabulum and inward rotation of the pelvis were correlated with the presence of coxa profunda in patients with hip dysplasia, whereas the acetabular coverage and depth had no correlation with the presence of coxa profunda. This study has several limitations. First, the control subjects were older than the patients with hip dysplasia. Although we recognize that subjects with the same age range would be ideal for control, it is generally difficult to obtain qualified CT images of asymptomatic normal hips in the young adult population. In this study, we confirmed that control subjects had no history of hip disease, osteoarthritis, or other hip abnormalities, and deemed them suitable as control subjects for morphologic evaluation. Additionally, we confirmed no correlation between patients' age and the presence of coxa profunda. Thus, we assume the age difference has little effect on the study results. Second, patients with hip dysplasia evaluated in this study were symptomatic and were undergoing surgery, therefore this was a group composed of patients with more severe dysplasia. This raises concern that our observation may apply only to this population with more severe dysplastic hips. Although we excluded the contralateral hips of 51 patients with bilateral dysplasia, similar results were found in these contralateral hips including asymptomatic mild dysplasia. Thus, we assume that our observations apply to all degrees of dysplastic hips. Third, the study cohort was limited to Asian patients. Previous studies have shown differences in morphologic features of the hip between Asians and whites [12, 34] : Asians have a shallower acetabulum compared with whites. We believe that our observations may not be affected by the racial difference and are generalizable to whites and all Asian patients; however, further investigation is needed to address the effect of racial differences on the generalizability of our observations. Fourth, all measurements using CT images were performed by one observer (MF); this raises the concern for assessment bias. However, intra-and interobserver reliabilities of measurements on multiplanar reconstructed images has been validated in previous studies [13, 14] and we assume the effect of assessment bias on the study results is negligible.
The coxa profunda was observed in 44% (31 of 70 hips) of dysplastic hips in this study, and the prevalence was comparable to that previously reported. Nepple et al. [27] reported 41% (24 of 58 hips) of patients with symptomatic acetabular dysplasia had coxa profunda. Anderson et al. [3] reported 58% (43 of 74 hips) of patients who underwent periacetabular osteotomy had coxa profunda, 88% of whom had deficient coverage. A considerable prevalence (44%) of dysplastic hips with coxa profunda suggests an underlying morphologic factor other than acetabular coverage or depth that contributes to the presence of coxa profunda, such as acetabular anteversion [31] . The prevalence of coxa profunda in normal hips was 73% (29 of 40 hips) in our study. Previous studies have shown a high prevalence of coxa profunda in normal asymptomatic hips, especially in females [4, 27] . Armbuster et al. [4] reported that the acetabular line was superimposed on or was medial to the ilioischial line (currently defined as coxa profunda) in 83% (68 of 82 hips) of female hips and 28% (71 of 232 hips) of male hips. Nepple et al. [27] reported 76% (25 of 33 hips) of asymptomatic normal hips had coxa profunda (88% of females and 44% of males). Anderson et al. [3] reported the coxa profunda was seen in 34% (45 of 134 hips) of asymptomatic male hips, and 91% of the hips with coxa profunda had normal or deficient acetabular coverage. Coxa profunda was more common in normal hips compared with dysplastic hips; indicating that increased acetabular coverage and depth may contribute to the presence of coxa profunda. However, the results of our study and previous studies indicated that coxa profunda is poorly specific for acetabular overcoverage or pincer-type FAI. We agree with the suggestion of previous studies that coxa profunda is one of the normal radiographic findings, at least in females [3, 6, 27] . Dysplastic hips had a more anteverted and globally shallow acetabulum compared with the control hips in our study. Although rotational alignment of the innominate bone varied widely among individuals, the mean value showed the innominate bone was substantially inwardly rotated in patients with hip dysplasia compared with the control subjects, especially at the superior ilium level.
Numerous morphologic abnormalities associated with hip dysplasia have been reported, including increased acetabular anteversion and inclination, globally deficient acetabular coverage of the femoral head, and shallow acetabular concavity [11, 14, 25] . Our observation was comparable to these studies. It was reported that a principal pelvic deformity in hip dysplasia is an inwardly rotated innominate bone with an iliac wing that opens inwardly relative to the ischiopubis, and the morphologic features of the entire pelvis were correlated with morphologic features of the acetabulum [13] . Our observations support the suggestion of the study by Fujii et al. [13] that the structural abnormalities exist throughout the pelvis in patients with hip dysplasia.
The results of our study showed that hips with increased acetabular anteversion and an inwardly rotated pelvis tended to have coxa profunda, regardless of the degree of acetabular coverage and depth, in patients with hip dysplasia and control subjects. To our knowledge, there have been no reports that showed the morphologic correlation of coxa profunda with acetabular anteversion and inward rotation of the pelvis. Radiographic coxa profunda is determined by the relative position of the floor of the acetabular fossa and the ilioischial line [8, 28] , and the relationship of these projection lines should be affected by various morphologic characteristics other than acetabular coverage or depth. Inward rotation of the innominate bone was reported to be associated with increased acetabular anteversion [13] . The inward rotation of the innominate bone, especially in the distal ilium to the ischiopubic portion, should be a potent morphologic factor that makes the acetabulum more anteverted and shifts the floor of the acetabular fossa medially relative to the ilioischial line, resulting in the presence of the coxa profunda ( Fig. 7) . Based on these observations, we conclude that coxa profunda is not useful in diagnosing pincer-type FAI. The morphologic features of hip dysplasia, that is, an inwardly rotated pelvis and excessively anteverted acetabulum, may be a potent morphologic factor for the high prevalence (44%) of coxa profunda in patients with hip dysplasia. Coxa profunda indicates classic acetabular dysplasia, defined by an anteverted acetabulum with deficiency in anterolateral acetabular coverage of the femoral head and an inwardly rotated pelvis. Thus, the conventional corrective maneuvers during periacetabular osteotomy, that is, lateral rotation, forward tilt, and medial translation [7] of the acetabular fragment, are adequate for these patients.
Results of our study showed the presence of the radiographic coxa profunda is not a sign of increased acetabular coverage or depth in patients with hip dysplasia but indicates classic acetabular dysplasia, defined by an anteverted acetabulum with deficiency in anterolateral acetabular coverage of the femoral head and an inwardly rotated pelvis. Therefore we assume the presence of the coxa profunda does not indicate disease in addition to hip dysplasia, and the conventional corrective maneuvers during periacetabular osteotomy, that is, lateral rotation, forward tilt, and medial translation [7] of the acetabular fragment, are adequate for these patients.
